The enteropathogenicity of Providencia alcalifaciens, a member of the family Enterobacteriaceae, has not yet been well established. In November 1996, a large outbreak of foodborne infection occurred in Fukui, Japan. In this study, the etiology of the outbreak was investigated. No other recognized enteropathogens were detected in patient fecal samples, but P. alcalifaciens was detected in 7 of 18 samples. The isolates were found to be clonal by pulsed-field gel electrophoresis. The patients who presented with gastroenteritis had elevated levels of specific antibody against the isolated P. alcalifaciens. The isolates showed invasion of Caco-2 cells and fluid accumulation in rabbit ileal loops. This study strongly suggests that the outbreak was caused by P. alcalifaciens. This is the first report of a large outbreak of foodborne infection attributed to the organism and provides definitive evidence that P. alcalifaciens is a causative agent of gastroenteritis.
Providencia alcalifaciens, a member of the family Enterobacteriaceae, is usually considered to be a commensal in the gastrointestinal tract. Although a few prior studies implicated this species in human gastroenteritis [1] [2] [3] [4] , the enteropathogenicity of P. alcalifaciens has not been well established. In November 1996, a large outbreak of foodborne infection occurred among children and teachers at 2 kindergartens and 1 high school in Fukui City in central Honshu, the main island of Japan. Of 610 children and teachers who ate lunch cooked at a single catering facility, 270 showed symptoms of gastroenteritis. In this study, we investigated the etiology of the outbreak.
Methods
Bacterial strains. We investigated 7 strains of P. alcalifaciens isolated from patients (see below) in this study. The P. alcalifaciens type strain (RIMD1656013) and Salmonella typhimurium AQB7498 (RIMD1985015) were provided by the Research Center for Emerging Infectious Diseases at the Research Institute for Microbial Diseases, Osaka University. Escherichia coli DH5a is a stock strain in our laboratory.
Laboratory investigation. Fecal specimens were examined bac-teriologically, as reported elsewhere [5] . Patient fecal specimens were collected on 25 and 26 November. We initially examined nearly 200 fecal specimens for bacterial pathogens in our laboratory. The specimens were stored frozen at Ϫ20ЊC after the first use. Because no recognized enteropathogens were detected in the first screening, on 2 December, in accordance with our usual practice, we randomly selected 18 specimens for further analysis. Non-lactose-fermenting colonies on MacConkey agar were identified biochemically, as outlined by Ewing [6] , and were confirmed with the use of an API-20E biochemical strip for the family Enterobacteriaceae (API System; BioMerieux). We also determined the DNA sequence encoding 16S rRNA. From the isolate colony, we took a small sample of the bacterial cells and placed the cells directly into the polymerase chain reaction (PCR) solution. To amplify the 16S rDNA sequence (∼1.4 kb in size), the sample was subjected to PCR with a pair of oligonucleotides, 16S-1 (5 -CAGGAAACAGCTATGACCGSITRAIRCATGCAAGTCG-3 ) and 16S-3 (5 -TGTAAAACGACGGCCAGTACGGGSSGTGW-GRGCAAG-3 ): I, inosine; R, A or G; S, C or G; W, A or T. 16S-1 and 16S-3 correspond to the 5 and 3 terminal regions of 16S rDNA, respectively. Thus, by performing PCR with these 2 primers, nearly the full-length of the 16S rDNA is amplified.
PCR was done with the following conditions. After heating at 94ЊC for 3 min, a cycle of 94ЊC for 30 s, 52ЊC for 1 min, and 72ЊC for 3 min was repeated 32 times. This was followed by a final extension step of 72ЊC for 5 min. The PCR was done on a PerkinElmer 9700 thermal cycler (PE Applied Biosystems). After confirming the successful amplification by assessing the size of the expected sequence by use of electrophoresis on a 1% agarose gel, the PCR products were extracted from the gel by gel extraction kit (QIAQuick; Qiagen). We used the extracted DNA as a template for nucleotide sequencing. Partial sequence of 16S rDNA (∼500 bp near the 5 end) was determined by use of 4 oligonucleotide primers: M13-RV (5 -CAGGAAACAGCTATGACC-3 ), 352-F (5 - 
CAGACTCCTACGGGAGGC-3 ), 16S-2 (5 -TATTACCGCRG-CTGCTGG-3 ), and 335-R (5 -CCTCCCGTAGGAGTCTGG-3 ).
The sequence of the primer 16S-1 contains the sequence of M13-RV, so M13-RV can be used for sequencing of the 5 -terminal region of 16S rDNA. Sequences were read by using PRISM 310 and 377 DNA sequencers (PE Applied Biosystems). Plasmid profiles. By use of the method of Kado and Liu [7] , we extracted plasmid DNA from overnight cultures of P. alcalifaciens strains and examined them by using electrophoresis in 0.5% agarose gels.
Pulsed-field gel electrophoresis (PFGE). PFGE was performed as described elsewhere [8] . The P. alcalifaciens genomic DNA in agarose blocks was digested with SmaI restriction enzyme. A contour-clamped homogeneous electric field (CHEF) method was used for PFGE on a CHEF Mapper System (Bio-Rad).
Slide agglutination test. Serum samples were serially diluted with PBS (pH 7.0) and then were mixed with an equal volume of bacterial cell suspension on glass slides. For the agglutination test, we used live bacteria, to examine the immune response to any bacterial antigen. Formation of agglutination was detected visually.
Invasion assay. The invasion assay was done essentially as described elsewhere [9] . In brief, we grew Caco-2, a human colon carcinoma cell line, in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum in 5% CO 2 at 37ЊC. For invasion, we applied stationary cultures of bacteria incubated at 37ЊC in Luria Bertani (LB) broth without shaking. After seeding Caco-2 cells onto a 48-well tissue culture plate (10 6 cells/ well), 1 mL of bacterial culture diluted to 10 9 cells/mL was added to each well. These samples then were incubated for 3 h at 37ЊC in 5% CO 2 . The cells were washed twice with sterile PBS and were incubated for 1 h in DMEM that contained 100 mg/mL gentamicin, to kill extracellular bacteria. The monolayers then were washed 3 times with PBS and were lysed with 0.1% Triton X-100 in PBS for 10 min at room temperature. To determine the number of intracellular bacteria, we plated serial dilutions of the lysed monolayers in saline on LB agar and incubated the samples overnight at 37ЊC. Assays were repeated 3 times, each time in duplicate. Results are shown as the percentage of bacteria internalized, which was calculated as the proportion of mean colony-forming units of the bacterial cells internalized in the Caco-2 cells, compared with the number of bacteria in the original inoculum.
Rabbit ileal loop test. We did rabbit ileal loop testing, as described elsewhere [10] . In brief, we used stationary bacterial cultures incubated in LB broth at 37ЊC without shaking. We injected 1-mL bacterial suspensions into the ileal loop of each 2-month-old rabbit. For a positive control, we used purified cholera toxin (0.5 mg; Sigma) in 1 mL of PBS. The same volume of LB broth was used as a negative control. After 20 h, the rabbits were killed under thiopental anesthesia, and the loop was examined for fluid accumulation. Three loops from 3 different rabbits were used for each sample. To obtain samples for pathologic examination, we dissected intestinal pieces from the ileal loops, gently washed these with PBS, and fixed them with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Samples were embedded in paraffin and were stained with hematoxylin-eosin.
Results

Description of outbreak.
On 22 November 1996, the principal of a Fukui City kindergarten reported to the local health department the absence of many children because of acute gastroenteritis. The department launched a thorough epidemiologic investigation and discovered an extensive outbreak (hereafter termed the Fukui outbreak) of gastroenteritis among children and teachers in 2 kindergartens and 1 Fukui City high school (figure 1). The sole common factor was the food eaten at lunch on 18 November that was prepared and supplied by a single catering facility. An epidemiologic survey indicated that warmed bread consumed as, for example, teriyaki chicken burger, was the chief suspect. Of the 610 children and teachers who ate the lunch, 270 developed gastroenteritis (table 1). The attack rate was higher in kindergarten children than in high school students and adults (teachers). The mean incubation period was 69.2 h. Responses to questionnaires by patients indicated that the main presenting symptoms were diarrhea, 86.7%; abdominal pain, 77.8%; and fever (137.5ЊC), 24.1%. Except for 1 patient who reported tenesmus, most patients did not have severe symptoms. Control subject 1
Control subject 2
Control subject 3
Control subject 4 1 2
Control subject 5 1
NOTE. Titer is defined as the highest no. of serial 2-fold dilutions of serum samples that showed agglutination with indicated bacterial cells on glass slide. a P. alcalifaciens RIMD1656011. b Control subjects are persons who ate the same lunch but presented no symptoms.
Most reported loose or watery fecal discharge; there was no bloody diarrhea. The clinical laboratories of the hospitals the patients visited detected no known bacterial pathogens for acute gastroenteritis by routine microbiologic investigation of stool samples. Although one laboratory noted that lactose nonfermenting colonies appeared as a pure culture on MacConkey agar on which a fecal sample was inoculated, the colonies were not examined further: by that laboratory's protocol, enteropathogenic bacteria with lactose nonfermenting phenotype on MacConkey agar were only Salmonella or Shigella organisms-pathogens that had been excluded as the outbreak cause by other tests. Tests for the presence of enteropathogenic viruses (rotaviruses, adenoviruses, Norwalk-like viruses, and enteroviruses) were done on 27 stool samples at Fukui Prefectural Institute for Public Health, and group A rotavirus was detected in 2 samples. Comparison of sets of paired serum samples collected from patients (8 cases) just after the outbreak (26 November) and during the convalescence period (4 December) showed no increase in antibodies against the rotavirus. The investigators were unable to conclude that group A rotavirus was the causative agent in the gastroenteritis outbreak and froze the serum samples at Ϫ80ЊC for further study.
Bacteriologic investigation. We reexamined the samples for the presence of any enteropathogenic bacteria in 18 stool samples (15 from children and 3 from adults) from patients who had symptoms during the outbreak. We used standard microbiologic techniques to detect E. coli, Clostridium perfringens, and Salmonella, Shigella, Campylobacter, Yersinia, Aeromonas, Vibrio, and Plesiomonas species, but did not find any of these recognized bacterial enteropathogens. In 7 of the 18 samples, however, nonlactose-fermenting colonies on MacConkey agar were observed. All the colonies showed common characteristics when tested biochemically with triple sugar iron agar, lysine indole motility medium, and sulfide indole motility medium. From several of these fecal samples, the colonies appeared predominantly (2 samples) or as a pure culture (1 sample) on MacConkey agar. Evaluation by API-20E strip reaction revealed the species to be P. alcalifaciens (API profile, 0 264 000). To confirm this identification, we determined a partial sequence of the 16S rDNA of 1 isolate and compared it with that of the P. alcalifaciens type strain (RIMD1656013). The 2 sequences were identical (the nucleotide sequence data will appear in the European Molecular Biology Laboratory, GenBank, and DNA Data Bank of Japan sequence databases under accession no. AB052088), confirming that the isolated organism was P. alcalifaciens. Clonality of the isolates. P. alcalifaciens is normally present in the flora of the human intestine and can be isolated from the feces of healthy persons. To find out whether the P. alcalifaciens isolates were endogenous or relevant to the outbreak, we compared the genetic background of the isolates. PFGE of SmaIdigested genomic DNA of each isolate revealed an identical restriction pattern, but the pattern was distinct from that of the P. alcalifaciens type strain (figure 2). These results suggest that the P. alcalifaciens isolates from 7 different patients are clonal.
Serum antibody against P. alcalifaciens. We tested antibody titers against 1 of the outbreak-derived P. alcalifaciens isolates (RIMD1656011) with paired serum samples from 8 patients by slide agglutination test. Of these 8 patients, 7 had elevated antibodies against the strain: the antibody titer of the serum samples taken during the convalescence period was increased, compared with the paired serum samples collected just after the outbreak (table 2) . Such an increase of antibody titer between the paired serum samples was not observed for persons who ate the same lunch but did not develop gastroenteritis. Furthermore, there was no apparent elevation of serum titer against the type strain of P. alcalifaciens (table 2) in either group. Thus, serum samples from patients who had gastroenteritis during the outbreak showed increased immune reaction specifically and solely to the isolated (outbreak) strain of P. alcalifaciens.
Enteropathogenicity of P. alcalifaciens isolates in vitro and in vivo.
We analyzed the enteropathogenicity of the outbreak isolates in vitro. Others have reported the ability of some P. alcalifaciens strains from clinical sources to invade cultured cells [2, 4, 11] . Table 3 shows the results of our invasion assay of the isolates with the use of a human colon intestinal cell line, Caco-2. Except for a single isolate, the P. alcalifaciens isolates from this outbreak had 12% invasiveness. The type strain of P. alcalifaciens did not show similar invasiveness. Our data indicate that the isolates from this outbreak are invasive to Caco-2 cell monolayers.
We also examined the enteropathogenicity of the outbreak isolates by using the rabbit ileal loop test. As shown in table 4, although each outbreak isolate caused a moderate level of fluid accumulation in rabbit ileal loops, suggesting the ability to cause diarrhea, no fluid accumulation was seen with the P. alcalifaciens type strain. In intestinal tissue from a loop infected with 1 outbreak isolate (RIMD1656011), light microscopy showed extensive mucosal inflammation, including neutrophil and eosinophil infiltration within the lamina propria, crypts, the endothelial cells of blood vessels, and even into the lumen ( figure 3A) . Hemorrhage was associated with severe ulceration in some cases. Distortion of the villus architecture was also characteristic of acute enteritis. The pathologic manifestation was obviously distinct, compared with samples taken from loops challenged with cholera toxin (data not shown), in which the villi were severely flattened and their numbers were decreased, accompanied by severe dilatation of the lymph ducts, but with much less neutrophil infiltration. These data suggest that the P. alcalifaciens strains isolated from the Fukui outbreak are enteropathogenic in vivo.
Discussion
Our findings strongly suggest that the Fukui outbreak of foodborne infection was caused by the P. alcalifaciens strain that we isolated from fecal samples. To our knowledge, this is the first report of a large outbreak of foodborne infection attributed to P. alcalifaciens, and definitive evidence that P. alcalifaciens can be a causative agent of gastroenteritis.
A few previous studies implicated this organism in cases of diarrhea. Haynes and Hawkey [1] suggested that P. alcalifaciens might be a cause of diarrhea among British travelers. Albert et al. [2] and Mathan et al. [12] analyzed the enteropathogenicity of 3 P. alcalifaciens strains from stool samples of patients with diarrhea; the strains were either implicated as the predominant organism or isolated in a pure culture in the absence of any recognized enteric pathogens. The organisms showed no evidence of enterotoxicity, cytotoxicity, adherence to HEp-2 cell monolayers, or keratoconjunctivitis in the Sereny test, but 2 of the 3 strains showed invasion of HEp-2 cells and caused diarrhea in the removable intestinal tie adult rabbit diarrhea model. Guth and Perrella [4] reported that 50% of P. alcalifaciens strains isolated as pure cultures or from stool samples where no other enteropathogen was identified could invade HeLa cells and that this propensity was not related to the plasmids possessed by the strains. More recently, Albert et al. [3] compared the rate of isolation of P. alcalifaciens from stool samples of children with diarrhea with that in matched children without diarrhea and demonstrated a significant association between P. alcalifaciens and diarrhea. Janda et al. [13] reported that some P. alcalifaciens strains can invade HEp-2 monolayers, but no other species of Providencia (e.g., P. stuartii or P. rettgeri) showed cell invasion. Despite these findings, the enteropathogenicity of P. alcalifaciens has not been well established, because, in part, when the organism is found in fecal samples of diarrhea patients, it is often found with other well-recognized enteropathogens. There have been relatively few cases in which P. alcalifaciens was the only possible pathogen [3, 11] . Also, in all the above-mentioned studies, the P. alcalifaciens isolates were from sporadic cases.
In the present study, the Fukui gastroenteritis outbreak was attributable to P. alcalifaciens: the 7 isolates from different patients in the outbreak were clonal, and antibody elevation against the P. alcalifaciens isolate was observed in patients' serum samples. In addition, both in vivo (rabbit ileal loop test) and in vitro (invasiveness into Caco-2 cells) experiments suggest that the P. alcalifaciens isolates exhibit enteropathogenicity. Although the rate of P. alcalifaciens-positive specimens was not high (7 of 18), it is not unusual that the causative agent is detected in fewer than half the patients in an ordinary investigation for etiologic agents of foodborne infection outbreaks. Moreover, the fecal specimens were stored for nearly 1 week at Ϫ20ЊC before reexamination, which may have reduced the detection rate. Thus, in addition to a previous case-control study and virulence studies [1] [2] [3] [4] [11] [12] [13] , our report of the outbreak of foodborne infection is further proof of the enteropathogenicity of P. alcalifaciens.
It is unlikely that all organisms that are biochemically identified as P. alcalifaciens are pathogenic in humans. To get a clearer idea of which P. alcalifaciens strains are pathogenic to humans, it is necessary to investigate candidate or virulence markers that are associated with the human pathogenic strains. What is the virulence factor of P. alcalifaciens? Previous studies suggest that the mechanism whereby the organisms invade human intestinal cells is involved in its pathogenicity [2, 4, 11] . The present study also demonstrated that some types of P. alcalifaciens can invade Caco-2 cells. Since the propensity to invade cultured cells is good evidence of enteropathogens, the P. alcalifaciens strains isolated from this outbreak are likely to possess a primary human virulence factor.
In some Enterobacteriaceae, a large plasmid (virulence plasmid) possessed by pathogens has been involved in the ability of the organisms to invade eukaryotic cells [14] . Guth and Perrella [4] reported that the ability of the P. alcalifaciens strains they studied to invade HeLa cells was not related to the possession of plasmids by the strains. In the present study, of the 7 P. alcalifaciens isolates, 6 had plasmids common in size on agarose gel electrophoresis (figure 4). The only isolate that did not possess the plasmid (isolate 2) was less invasive in Caco-2 cells than the other isolates (table 3) . This result suggests that the large plasmid might in some way be related to the invasiveness of the organism having the large plasmid. Isolate 2, however, was able to invade Caco-2, even if to a lesser degree (table 3) . Thus, whether the invasive property of P. alcalifaciens is totally attributable to the large plasmid is to be elucidated. Even though it had lesser ability to invade Caco-2 monolayers, isolate 2 showed an indistinguishable level of fluid accumulation in the rabbit ileal loop test. This finding could indicate that the factor responsible for fluid accumulation is something other than cell invasiveness. This point remains to be clarified in the future. More detailed analysis is under way in our laboratory to investigate whether this could be due to a novel virulence factor.
The common protocols used to identify diarrheagenic bacterial pathogens do not include P. alcalifaciens as a target. Thus, most clinical laboratories do not recognize P. alcalifaciens as a potential cause of diarrhea. Except for rare cases in which the organism is isolated from stool samples of diarrheal patients in a pure culture with no other recognized enteric pathogens, the organism can easily pass through the routine screening for pathogens. Our present findings, however, strongly indicate that P. alcalifaciens infections should be considered in cases of acute gastroenteritis or foodborne infections in which none of the commonly implicated enteropathogens are detected. A selective medium for P. alcalifaciens has been reported [15] . A specific and simple test based on this method of detecting the organism directly from human diarrheal stools can simplify screening for the organism and can be introduced into routine clinical laboratory examinations. The use of such screening systems and global survey studies to collect evidence of the presence of this organism in stool samples from diarrheal patients and healthy subjects would help to clarify the importance of this organism in diarrheal illness.
